Three dicarbonyl reagents were used to demonstrate the presence of an essential arginine residue in the N03-uptake system from corn seedling roots (Zea mays L., Golden Cross Bantam). Incubation of corn seedlings with 2,3-butanedione (0.125-1.0 millimolar) and 1,2-cyclohexanedione (0.5-4.0 millimolar) in the presence of borate or with phenylglyoxal (0.25-2.0 millimolar) at pH 7.0 and 300C resulted in a time-dependent loss of N03-uptake following pseudo-first-order kinetics. Second-order rate constants obtained from slopes of linear plots of pseudo-first-order rate constants versus reagent concentrations were 1.67 x 10-2, 0.68 x 10-2, and 1.00 x 10-2 millimolar per minute for 2,3-butanedione, 1,2-cyclohexanedione, and phenylglyoxal, respectively, indicating the faster rate of inactivation with 2,3-butanedione at equimolar concentration. Double log plots of pseudofirst-order rate constants versus reagent concentrations yielded slope values of 1.031 (2,3-butanedione), 1.004 (1,2-cyclohexanedione), and 1.067 (phenylglyoxal), respectively, suggesting the modification of a single arginine residue. The effectiveness of the dicarbonyl reagents appeared to increase with increasing medium pH from 5.5 to 8.0. Unaltered Km and decreased Vmax in the presence of reagents indicate the inactivation of the modified carriers with unaltered properties. The results thus obtained indicate that the N03-transport system possesses at least one essential arginine residue.
In natural and agricultural soils, nitrate is the most prevalent form of inorganic nitrogen and is believed to be absorbed by plant roots through protein channels or carriers, which may be coupled to the proton gradient generated by the plasma membrane H+-ATPase (3, 15, 16, 23) . The capacity of nitrate uptake can be induced several fold from a constitutive low level by supplying nitrate to previously nitratestarved plants such as corn (8) , wheat (9) , and barley (19) . Inhibitors of RNA and protein synthesis prevent induction of nitrate uptake capacity (8) , thus forrnation of the putative nitrate carrier apparently requires protein synthesis.
The function ofa number ofamino acid residues in proteins has been studied by chemical modification techniques and much useful information has been obtained. It has been clearly demonstrated that the positively charged guanidinium groups of arginine residues are involved in anion recognition and binding for proteins acting on anionic substrates and cofactors (18, 21) . Most of the evidence has been obtained through the use of arginine-specific reagents which react co-'Supported by National Science Foundation grant DMB 8614245 . 745 valently and cause changes in biological functions. Such a probe, PGO2, has been found to inhibit sulfate and chloride equilibrium exchange across the red blood cell membrane (27, 29) . The dicarbonyl compounds, BD and CHD, in the presence of borate, have been reported to inactivate sulfate transport in resealed erythrocyte ghosts (10, 28) . Recently, PGO has been shown to inhibit nitrate transport in corn roots (5, 15, 16) . In previous experiments, we have further confirmed the involvement of arginyl residues in nitrate uptake by using two other arginine-specific reagents, BD and CHD, in the presence of borate ( 17) . The inhibition ofsulfate exchange across red cell membrane by both PGO and BD exhibited pseudo-first-order kinetics with a reaction order close to one for PGO (10, 30) , indicating that an arginine residue is important for the binding of substrate anions. In the case ofNeurospora crassa H+-ATPase, experiments with PGO and BD have provided evidence for a single essential arginine residue located at or near the nucleotide binding site (12) . Recently, kinetic analyses of the inactivation by BD and PGO have been used to identify essential arginine residues associated with plasma membrane ATPase from red beet (Beta vulgaris L.) storage tissue (6) and mung bean ( Vigna radiata L.) seedling roots (1 1).
In the experiments described below, we have used three dicarbonyl reagents to chemically modify arginine residues and inhibit nitrate uptake in the roots of corn seedlings (Zea mays L., Golden Cross Bantam). In addition, the optimal pH condition for the inactivation by the reagents of nitrate uptake and the influence of inhibitors on kinetic parameters of the nitrate uptake system have been examined. Kinetic analyses have been used to study the mechanism of inactivation of nitrate uptake by the dicarbonyl reagents. The results obtained indicate that the nitrate transport system possesses at least one essential arginine residue.
MATERIALS AND METHODS

Chemicals
PGO, BD, CHD, and nitrate reductase (EC 1.9.6.1 from Aspergillus) were purchased from Sigma. All other reagents were of analytical grade. Stock solutions of BD, CHD, and PGO were freshly prepared just before use.
Plant Materials
Corn caryopses (Zea mays L., Golden Cross Bantam) were germinated on two layers of paper towels saturated with 0.6 mM Ca(H2PO4)2 at 25°C in the dark for 2 d in a growth chamber. Uniform seedlings were selected and placed for an additional 3 d on two layers of cheesecloth stretched over a 2-L polyethylene beaker containing N-free medium (0. Effects of pH on Inhibition of Uptake To assay the pH effect on inhibition, the incubation or uptake medium contained 0.5 mM Ca(NO3)2, 5 mm borate/ Mes (pH 5.5-6.5), or 5 mM borate/Hepes (pH 7.0-8.0) for incubation with BD and CHD or 2 mM Mes/Tris (pH 5.5-8.0) for incubation with PGO, and various concentrations of inhibitors as indicated in the figure legends. Aliquots were taken for nitrate assay at the end of the incubation.
Influence of Inhibitors on Kinetic Parameters of Uptake System
After pretreatment in 0.5 mM Ca(NO3)2 solution for 20 min, batches of corn seedlings were transferred to 44 mL of uptake medium containing 5 mM borate/Hepes (pH 7.0), 0 and 0.5 mM BD or 1.0 mM PGO, and various concentrations of Ca(NO3)2 (0-1.0 mM) for 80 min at 30°C. Aliquots were taken for nitrate assay at the end of the incubation.
Measurement of Nitrate Uptake
For experiments involving BD and CHD or the reagents used in two-step procedure, the disappearance of nitrate between successive samplings was determined using a modification of the spectrophotomeric procedure of Cawse (1) . Briefly, 0.2 mL uptake solution was made to 0.45 mL with deionized H20 and 0.05 mL of 10% (w/v) sulfamic acid was added. After 2 min, 0.75 mL of 7% (v/v) perchloric acid was added and the absorption was measured at 210 nm. For samples from the PGO incubation medium, nitrate was assayed with nitrate reductase supplied by Sigma. In this procedure, nitrate is converted to nitrite which was determined using a combination of the procedures of Ida and Morita (7) and Stewart and Orebamjo (22) . The assay mixture contained in a final volume of 1 mL, 0.4 mL of 0.8 mm fresh-made methylviologen in 250 mm potassium phosphate buffer (pH 7.0), 0.1 unit of nitrate reductase in 0.1 mL of 100 mM potassium phosphate (pH 7.0), 0. influence of pH can be accounted for by an increase in deprotonated guanidinium groups and a reaction with PGO through nucleophilic addition to the uncharged guanidinium residues (10, 27, 30) . In agreement with this concept, it has been observed that inactivation of H+-ATPase in Neurospora crassa and red beet (6, 12) by BD and PGO and inactivation of phospholipase A2 from porcine pancreas (26) by PGO increases with pH. To determine optimal conditions for inactivation of the uptake system, it was necessary to determine the influence of pH on the inhibitor response. As illustrated in Figure 1 A (Table I ). This indicates that the binding of the dicarbonyl reagents to arginine residues results in complete inactivation of the modified carrier proteins rather than the formation of a modified protein having different properties. A similar observation has been found in mung bean plasma membrane H+-ATPase when modified by BD (1 1 (12) . In the first step, the protein is modified by the reagents for an appropriate time. In the second step, treatment with the reagents is stopped and the effect of modification on the initial rate of an activity is examined. In our experiments, similar kinetic parameters were obtained using the two-step method or procedures with simultaneous derivitization and uptake (Table I ).
The majority of the studies were conducted using the latter method. When corn seedlings were incubated with BD (0.125-1.0 mM) or CHD (0.5-4.0 mM) in borate buffer at pH 7.0 and 30C, the time-dependent loss of nitrate uptake activity followed pseudo-first-order kinetics, as indicated by semilog plots of percent residual activity versus time (Fig. 2, A  and B) . The pseudo-first-order rate constants were then estimated from the slopes of the plots according to the equation ln A = ln Ao-k1t, where A is the percent residual activity at time t and k, the pseudo-first-order rate constant. After exposure for 100 min, the activity of the transport system was reduced to 6.5% and 8.6% (the actual data before constructing the line of best fit) of the control value at 1 mm BD and 4 mM CHD, respectively. Further incubation with the inhibitors resulted in complete inactivation of the uptake system (or at least to a level lower than the sensitivity range of our assay).
Half-maximal inhibition with 1 mM BD and CHD occurred at 37.6 and 97.7 min, respectively, indicating the faster rate of inactivation with BD at equimolar concentrations. According to Kasher et al. (12) , the second-order rate constant (k2), which represents the rate of inactivation on a molar basis, can be obtained from slopes of linear plots of pseudo-first-order rate constants (k,) versus reagent concentrations. When data from Figure 2 were plotted this way, the second-order rate constants were found to be 1.674 x 10-2 and 0.682 x 10-mm-' min-' for BD and CHD, respectively (Table I ). The reaction order with respect to the inhibitor was determined from double log plots of 1000/t',2 as a function of reagent concentration as described by Marcus et al. (14) and Kasher et al. (12) . In such a case, a straight line should be obtained with a slope value equal to n, the average number of molecules of inhibitor reacting with or binding to each active unit of the enzymes or proteins to produce an inactive complex. When the data from Figure 2 were analyzed in this way, slope values of 1.031 (BD) and 1.004 (CHD) were obtained through regression analysis (Fig. 3, A and B) . The same n values were also obtained using the methods described by Levey and Ryan (13) and Gildensoph and Briskin (6) . The results obtained with the two reagents indicate that at least one molecule of BD or CHD was necessary to cause the inactivation of the uptake system under the above incubation condition. Similar reaction order values of approximately 1.0 with respect to BD have also been reported for enzymes with anionic substrates such as plasma membrane H+-ATPase from Neurospora crassa (12) , red beet storage tissue (6) , and mung bean roots (1 1).
Inactivation of Nitrate Uptake by PGO PGO is a dicarbonyl reagent which unlike BD and CHD does not require borate for its reactivity and forms an irre- versible complex with the arginine residues. As with BD and CHD, inactivation with PGO also resulted in pseudo-firstorder time course kinetics (Fig. 4A) . Half-maximal inactivation was obtained at 66.7 min when corn seedlings were treated with this reagent at 1 mm. Linear primary plots of pseudo-first-order rate constant versus PGO concentration yielded a second-order rate constant of 1.004 x 10-2 mMW' min-' (Table I) , which is slower than that of BD but faster than that of CHD.
When pseudo-first-order rate constants were used to construct double log plots, a slope value of 1.067 was obtained for corn seedlings (Fig. 4B) (6, 11, 12) and the anion transporter in red blood cells (30) . However, labeling has indicated that PGO reacts with arginine residue in a 2:1 stoichiometry except in the presence of borate or at low PGO concentration (12, 20) . Unfortunately, the unavailability of purified carrier precludes the conducting of labeling experiments to determine the stoichiometry ofthe binding of PGO and other dicarbonyl reagents to the nitrate transporter. On the basis of the presented kinetic data, it appears that iftwo PGO molecules bind to each essential arginine residue then the association of the first molecule of PGO is the rate limiting step in controlling inhibition (20, 24) . The fact that the binding of the second PGO molecule to the arginine is not critical to inhibition is supported by the impairment of reaction observed at low PGO concentration when the stoichiometry of reaction with arginine apparently falls to 1: 1 (12, 20) .
It has been suggested that anion transport may be coupled to the proton gradient generated by the plasma membrane H+-ATPase (3, 15, 16, 23) . Others have questioned the involvement of H+-ATPase in anion transport. Thus, in early studies performed with corn roots (25) 
